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Abstract. The very peculiar abundance patterns observed in extremely metal-poor (EMP)
stars can not be explained by ordinary supernova nucleosynthesis but can be well-reproduced
by nucleosynthesis in hyper-energetic and hyper-aspherical explosions, i.e., Hypernovae (HNe).
Previously, such HNe have been observed only as Type Ic supernovae. Here, we examine the
properties of recent Type Ib supernovae (SNe Ib). In particular, SN Ib 2008D associated with
the luminous X-ray transient 080109 is found to be a more energetic explosion than normal
core-collapse supernovae. We estimate that the progenitor’s main sequence mass is MMS = 20–
25 M⊙ and a kinetic energy of explosion is EK ∼ 6×10
51 erg. These properties are intermediate
between those of normal SNe and hypernovae associated with gamma-ray bursts. Such energetic
SNe Ib can make important contribution to the chemical enrichment in the early Universe.
Keywords. Galaxy: halo — gamma rays: bursts — nuclear reactions, nucleosynthesis, abun-
dances — stars: abundances — stars: Population II — supernovae: general
1. Metal Poor Stars - Hypernovae - GRB Connections
The abundance patterns of the extremely metal-poor (EMP) stars are good indicators
of supernova (SN) nucleosynthesis, because the Galaxy was effectively unmixed at [Fe/H]
< −3. Thus they could provide useful constraints on the nature of First Supernovae and
thus First Stars.
The EMP stars are classified into three groups according to [C/Fe] (e.g., Hill, Franc¸ois, & Primas 2005;
Beers & Christlieb 2005):
(1) [C/Fe] ∼ 0, normal EMP stars (−4 < [Fe/H] < −3);
(2) [C/Fe]
∼
> +1, Carbon-enhanced EMP (CEMP) stars (−4 < [Fe/H] < −3);
(3) [C/Fe] ∼ +4, hyper metal-poor (HMP) stars ([Fe/H] < −5, e.g., HE 0107–5240,
Christlieb et al. 2002, Bessell & Christlieb 2005; HE 1327–2326, Frebel et al. 2005).
In addition, Table 1 summarizes other abundance features of various EMP stars. Many
of these EMP stars have high [Co/Fe].
We have shown that such peculiar abundance patterns can not be explained by con-
ventional normal supernova nucleosynthesis but can be reproduced by nucleosynthe-
sis in hyper-energetic and hyper-aspherical explosions, i.e., Hypernovae (HNe) (e.g.,
Maeda et al. 2002; Maeda & Nomoto 2003; Tominaga et al. 2008; Tominaga 2009).
The abundance pattern of the Ultra Metal-Poor (UMP) star (HE 0557–4840:Norris et al. 2007)
is shown in Figure 1 and compared with the HN (E51 = EK/10
51 erg = 20, where EK is
the kinetic energy of explosion) and SN (E51 = 1) models of the 25M⊙ stars. The Co/Fe
ratio ([Co/Fe] ∼ 0) requires a high energy explosion and the high [Sc/Ti] and [Ti/Fe]
ratios require a high-entropy explosion. The HN model is in a good agreement with the
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Figure 1. Comparisons of the abundance patterns between the mixing-fallback models and the
UMP star HE0557–4840 (upper: Norris et al. 2007), and the CEP star HE1300+0157 (lower:
Frebel et al. 2007).
abundance pattern of HE 0557–4840. The model indicates M(56Ni) ∼ 10−3 M⊙ being
similar to faint SN models for CEMP stars.
The abundance pattern of the CEMP-no star (i.e., CEMP with no neutron capture
elements) HE 1300+0157 (Frebel et al. 2007) is shown in Figure 1 (lower) and marginally
reproduced by the hypernova model withMMS = 25M⊙ and E51 = 20. The large [Co/Fe]
particularly requires the high explosion energy.
Previously, Hypernova-like explosions with E51 > 10 have been found only in Type Ic
supernovae (SNe Ic), which are core-collapse supernova and characterized by the lack of
hydrogen and helium.
Recently, several interesting Type Ib supernovae (SNe Ib) have been observed to show
quite peculiar features. SNe Ib are another type of envelope-stripped core collapse SN
but characterized by the presence of prominent He lines. Thus it is interesting to examine
the explosion energy and other properties of SNe Ib in comparison with Hypernovae and
normal SNe.
Here we present our analysis of peculiar SNe Ib 2008D and 2006jc to obtain their
features (Tanaka et al. 2009; see also, Mazzali et al. 2008).
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Table 1. Metal-poor stars.
Name [Fe/H] Features Reference
HE 0107–5240 −5.3 C-rich, Co-rich?, [Mg/Fe] ∼ 0 Christlieb et al. 2002
HE 1327–2326 −5.5 C, O, Mg-rich Frebel et al. 2005, Aoki et al. 2006
HE 0557–4840 −4.8 C, Ca, Sc, Ti-rich, [Co/Fe] ∼ 0 Norris et al. 2007
HE 1300+0157 −3.9 C, Si, Ca, Sc, Ti, Co-rich Frebel et al. 2007
HE 1424–0241 −4.0 Co, Mn-rich, Si, Ca, Cu-poor Cohen et al. 2007
CS 22949–37 −4.0 C, N, O, Mg, Co, Zn-rich Depagne et al. 2002
CS 29498–43 −3.5 C, N, O, Mg-rich, [Co/Fe] ∼ 0 Aoki et al. 2004
BS 16934–002 −2.8 O, Mg-rich, C-poor Aoki et al. 2007
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Figure 2. The pseudo-bolometric (UBV RIJHK) light curve (LC) of SN 2008D compared
with the results of LC calculations with the models HE4 (red), HE6(blue), HE8 (green), HE10
(magenta) and HE16 (gray) (Tanaka et al. 2009). The pseudo-bolometric LC is shown in filled
(left) and open (right) circles. The thin black line shows the decay energy from 56Ni and 56Co
[M(56Ni) = 0.07 M⊙]. At late epochs, it is roughly equal to the optical luminosity under the
assumption that γ-rays are fully trapped. The bolometric magnitude at t ∼ 4 days after the
X-ray transient is brighter by ∼0.25 mag than that shown by other papers.
2. Energetic Type Ib Supernova SN 2008D
SN 2008D was discovered as a luminous X-ray transient in NGC 2770. The X-ray emis-
sion of the transient reached a peak ∼65 seconds, lasting ∼600 seconds, after the observa-
tion started. SN 2008D showed a broad-line optical spectrum at early epochs (t
∼
< 10 days,
hereafter t denotes time after the transient, 2008 Jan 9.56 UT, Modjaz et al. 2008). Later,
the spectrum changed to that of normal SN Ib (Soderberg et al. 2008; Malesani et al. 2009;
Modjaz et al. 2008; Mazzali et al. 2008).
We have done detailed theoretical study of emissions from SN 2008D. The bolometric
LC and optical spectra are modeled based on realistic progenitor models and the explosion
models obtained from hydrodynamic/nucleosynthetic calculations (Tanaka et al. 2009).
The pseudo-bolometric (UBV RIJHK) light curve (LC) is compared with the He star
models HE4, HE6, HE8, HE10, and HE16, whose masses are Mα = 4, 6, 8, 10, and
16 M⊙, respectively (Fig. 2). These He stars correspond to the main-sequence masses of
MMS ∼ 15, 20, 25, 30, and 40 M⊙ stars (Nomoto & Hashimoto 1988).
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Figure 3. The spectrum of SN 2008D at t = 4.6 days from the X-ray transient (black line,
Mazzali et al. 2008) compared with synthetic spectra (color lines, Tanaka et al. 2009). The spec-
tra are shifted by 6.0, 4.5, 3.0, 1.5, 0.0 from top to bottom. The model spectra are reddened with
E(B − V ) = 0.65 mag. From top to bottom, the synthetic spectra calculated with HE4, H46,
HE8, HE10 and HE16 are shown. The red, blue and green lines show the synthetic spectra with
oxygen mass fraction X(O) = 0.01, 0.1, and 0.5, respectively. Since the synthetic spectra with
X(O) = 0.1 for more massive models than HE4 already show too strong O i line, the spectra
with X(O) = 0.5 are not shown for these models.
Since the timescale around the peak depends on both the ejected mass Mej and EK as
∝ κ1/2M
3/4
ej E
−1/4
K , where κ is the optical opacity (Arnett 1982), a specific kinetic energy
is required for each model to reproduce the observed timescale. The derived set of ejecta
parameters are (Mej/M⊙, EK/10
51 erg) = (2.7, 1.1), (4.4, 3.7), (6.2, 8.4), (7.7, 13.0) and
(12.5, 26.5) for the case of HE4, HE6, HE8, HE10 and HE16, respectively. The ejected
56Ni mass is ∼0.07 M⊙ in all models.
Figure 3 shows the comparison between the observed and calculated spectra. It seems
that HE4, HE10 and HE16 are not consistent with SN 2008D, and that a model between
HE6 and HE8 is preferable.
We thus conclude that the progenitor star of SN 2008D had a He core mass Mα =
6–8 M⊙ and exploded with Mej = 5.3 ± 1.0 M⊙ and EK = 6.0 ± 2.5 × 10
51 erg. The
mass of the central remnant is 1.6–1.8 M⊙, which is near the boundary mass between
the neutron star and the black hole.
Figure 4 shows EK as a function of MMS for several core-collapse SNe (see, e.g.,
Nomoto et al. 2007). SN 2008D is shown by a red circle. Comparison with other SNe Ib is
possible only for SN 2005bf although SN 2005bf is a very peculiar SN that shows a double
peak LC (Anupama et al. 2005; Tominaga et al. 2005; Folatelli et al. 2006; Maeda et al. 2007).
The LC of SN 2005bf is broader than that of SN 2008D, while the expansion velocity of
186 Ken’ichi Nomoto et al.
 0.1
 1
 10
 100
 10  15  20  25  30  35  40  45  50
Ki
ne
tic
 E
ne
rg
y 
(10
51
e
rg
s)
Main Sequence Mass (M
⊙
)
03lw03dh
97ef
98bw
02ap
06aj
05bf93J
94I 87A
97D
99br
08D Hypernova Branch
Faint SN Branch
(a)
Figure 4. The kinetic explosion energy EK as a function of the main sequence mass MMS of
the progenitors for several supernovae/hypernovae (Tanaka et al. 2009).
SN 2005bf is lower than that of SN 2008D. These facts suggest that SN 2005bf is the
explosion with lower EK/Mej ratio.
The spectra of SN 2008D and Type Ib/c supernova (SN Ib/c) 1999ex are very similar
(Valenti et al. 2008), while SN 2005bf has lower He velocities. The He lines in Type IIb
supernova (SN IIb) 1993J are very weak at this epoch. The Fe features at 4500-5000A˚ are
similar in these four SNe, but those in SN Ib 2005bf are narrower. Malesani et al. (2008)
suggested that the bolometric LCs of SNe 1999ex and 2008D are similar. The similarity
in both the LC and the spectra suggests that SN Ib/c 1999ex is also as energetic as SN
2008D in the EK–MMS diagram.
Malesani et al. (2009) also pointed the similarity of the LCs of SNe IIb 1993J and Ib
2008D. But the expansion velocity is higher in SN 2008D (see, e.g., Prabhu et al. 1995).
Thus, both the mass and the kinetic energy of the ejecta are expected to be smaller in SN
IIb 1993J. In fact, SN 1993J is explained by the explosion of a 4M⊙ He core with a small
mass H-rich envelope (Nomoto et al. 1993; Shigeyama et al. 1994; Woosley et al. 1994).
3. Dust-Forming Type Ib Supernova SN 2006jc
Another recent SN Ib 2006jc is characterized by the dust formation in the ejecta as
found from the near-infrared (NIR) and mid-infrared (MIR) observations (e.g., Smith et al. 2008;
Sakon et al. 2009; Mattila et al. 2008).
We present a theoretical model for SN Ib 2006jc (Tominaga et al. 2008; Nozawa et al. 2008).
We calculate the evolution of the progenitor star, hydrodynamics and nucleosynthesis of
the SN explosion, and the SN bolometric LC. The synthetic bolometric LC is compared
with the observed bolometric LC constructed by integrating the UV, optical, NIR, and
MIR fluxes.
The progenitor is assumed to be as massive as 40 M⊙ on the zero-age main-sequence.
The star undergoes extensive mass loss to reduce its mass down to as small as 6.9 M⊙,
thus becoming a WCO Wolf-Rayet star. The WCO star model has a thick carbon-rich
layer, in which amorphous carbon grains can be formed. This could explain the NIR
brightening and the dust feature seen in the MIR spectrum. We suggest that the progen-
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Figure 5. Comparison between the synthetic LCs for the models with E51 = 5 and
Mej = 5.1 M⊙, E51 = 10 and Mej = 4.9 M⊙, and E51 = 20 and Mej = 4.6 M⊙, and the
LCs of SN 2006jc (LUV + Lopt, LIR,est(ν < 3 × 10
14 Hz), Lbol, LIR,hot(ν < 3 × 10
14 Hz),
LIR(ν < 3× 10
14 Hz)) (Tominaga et al. 2008).
itor of SN 2006jc is a WCO Wolf-Rayet star having undergone strong mass loss and such
massive stars are the important sites of dust formation. We derive the parameters of the
explosion model in order to reproduce the bolometric LC of SN 2006jc by the radioactive
decays: the ejecta mass 4.9 M⊙, hypernova-like explosion energy 10
52 ergs, and ejected
56Ni mass 0.22 M⊙.
We also calculate the circumstellar interaction and find that a CSM with a flat density
structure is required to reproduce the X-ray LC of SN 2006jc. This suggests a drastic
change of the mass-loss rate and/or the wind velocity that is consistent with the past
luminous blue variable (LBV)-like event.
We have thus found SN Ib 2006jc is almost a HN-like energetic explosion. This is
suggestive for the SN Ib contribution to the early enrichment in the Universe. Also dust
formation in WCO star seems to be quite important.
4. Concluding Remarks
We presented a theoretical model for SN 2008D associated with the luminous X-ray
transient 080109, which well reproduced the bolometric LC and optical spectra. This
is the first detailed model calculation for the SN Ib that is discovered shortly after the
explosion. SN 2008D is located between the normal SNe and the “hypernovae branch”
in the EK–MMS diagram (upper panel of Fig. 4). The ejected
56Ni mass in SN 2008D
(∼0.07 M⊙) is similar to the
56Ni masses ejected by normal SNe and much smaller than
those in GRB-SNe.
These energetic SNe Ib, as indicated from both 2008D and 2006jc, and also energetic
SN Ib/c 1999ex, could result from the spiral-in of a low mass binary companion into a
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massive star (Nomoto et al. 1995). The spiral-in can eject the H-rich envelope by heating,
and also bring the orbital angular momentum into the core (Nomoto et al. 2001). SNe
Ib are less energetic than SNe Ic, because the effects of the spiral-in are smaller in SNe
Ib, where the He-layer is not ejected and smaller angular momentum is brought into the
core than in SNe Ic.
Although the explosions are not as extreme as Hypernovae, such energetic SNe Ib could
make important contributions to the chemical enrichment in early Universe.
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